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ABSTRACT

The fatigue process of 1100-0 aluminum was studied by means of exoelectron
emission and ultrasonic surface wave measurements, and correlated with metallo-
graphic examination. Measurement of exoelectrons was accomplished by emission
counts, amplified by a Channeltron electron multiplier and integrated over
short time intervals. It appears that very early in tie fatigue process there
is an exoelectron emission peak, whose intensity is related to the intensity
of the applied stress, coinciding with initial surface layer slip. The emis-
sion event lasts not more than a few percent of the fatigue life. No emission
occurs thenceforth wuntil in the final stages of fatigue, just prior to failure,
when another emission period is observed. It was further noted that, at least
at room temperature, light stimulation is necessary for exoelectron emission
from 1100-0 aluminum. Preliminary ultrasonic surface wave measurements dis-
close a change in material response at about 50 percent of the fatigue life,
which so far could not be correlated with metallographic observations.
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SECTION I

INTRODUCTION

The phenomena of fatigue of metals and alloys and particularly the early
Jdetection of material damage due to these phenomena have always been high on
the list of material problems. Our present understanding of the problem com-
prises a large number of phenomenological observations of the metallurgical
events in a great variety of materials during the fatigue progress. There is
a very large collection of fatigue test data mainly confined to often unspe-
cified ambient conditions; there are a few tentative theories based on
phenomenological observations, and a number of empirical rules based on
fatigue test data; and there are comparatively few studies relating fatigue
phenomena to physical effects which could serve as indicators of the extent of
tatigue damage.

There appear to be two principal reasons for this lack of data required
for Jdeveloping methods for nondestructively determining early fatigue damage.
[he first reason is the gap between the fundamental investigations into the
fatigue mechanism and the fatigue test data. This gap is caused by the
difference in scale of approach (fundamental investigations being confined to
the atomic scale and fatigue test data to the engineering scale), by the fact
that Jifferent types of materials are usually chosen for the two groups of
investigations, by the lack of coordination between the types of investigators,
and because there are too few studies conducted which represent a multidisci-
plinary approach. The second reason arises from the nature of the fatigue
phenomena, which are generally confined to a surface layer. Bulk methods of
investigation, such as fatigue tests and overall damping studies, are only
able to measure the verv diluted effect of these surface phenomena on the bulk
properties. Because bulk properties are generally affected by a number of
other factors, the sensitivity of these tests to surface phenomena is rela-
tivelvy low., Tests using surface layer sensitive properties have been more
successful. However, they have rarely considered the fact that the depth of
surface laver affected by progressive fatigue may vary, and if signals {rom
2 fixed surface layer depth are investigated, a distortion of the signal-to-
fatigue damage effect ratio occurs. Therefore, a rational approach must
consider the metal surface layer depth-cf-fatigue phenomena in relation to
physical and engineering effects. The objective of the study program was the
Jevelopment of methods suitable for the early detection of fatigue damage.

The principal method developed in this program was a measurement me thod
for exoelectron emission. Preliminary investigations into the measurement of
propagation of ultrasonic waves were also carried out, Results were corre-
lated with extensive metallographic observations.



SECTION II

SUMMARY

This report covers the work on the investigation into the fatigue process
of 1100-0 aluminum by studying exoelectron emission and propagation of ultra-
sonic surface waves. Exoelectron observations during tension-tension loading
were by means of emission counts amplified by a Channeltron electron multiplier
and integrated over short time intervals. The exoelectron emission occurred in
two stages. The initial stage started soon after the application of the stress
and lasted not longer than 10 percent of the fatigue life. The final stage
occurred near the end of test when cracks formed and propagated to cause
failure of the test specimen. There was a long period of emission quiescence
between the two stages. Both the peak intensity of emission and the emission
period of the initial stage depended strongly on the applied stress. The
higher the applied stress, the stronger was the peak emission a1d the longer
the emission lasted. Exoelectrons still emitted from specimens subject to
¢yclic stressing at or slightly below the tentatively determined fatigue limit
(based on 6 x 106 cycles), even though the intensity was quite weak. The
emission was also affected by light conditions. At least at room temperature,
no emission was observed if the deformation took place in complete darkness.

On the other hand, the emission intensity was increased considerably when the
specimen was illuminated with long-wave ultraviolet light during test.

Comparison between metallographic observations and the initial stage of
emission reveals that this stage of emission coincided with the formation of
fatigue-affected layer and surface slip striations., Prolonging the fatigue
process beyond this stage of emission appeared to change the depth of attack
but little.

The frequencies (1 to 5 MHz) chosen for the ultrasonic tests were
dictated by the availability of suitable transducers. The test results for
fatigued 1100-0 aluminum indicated a gradual reversing trend for both fatigue
life to surface wave velocity and fatigue life to attenuation ratios at about
50 percent of the fatigue life, which could not yet be correlated with
metallographic observations,

Preceding page blank
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SECTION III

REVIEW OF PERTINENT DATA

THE FATIGUE PROCESS

GENERAL PHENOMENA IN THE FATIGUE PROCESS

It has been suggested that fatigue damage of face-centered cubic metals
at high and low stress levels occurs by different mechanisms (Wood, 1959).
The H mechanism at high stress level occupies the steeper portion of the S-N
curve where fatigue life increases slowly with decreasing stress. The F
mechanism at low stress level operates in the flatter portion of the S-N
curve where fatigue life increases rapidly with decreasing stress. It has
also been suggested that there is no very clear-cut distinction betweer the
mechanisms at high and low stress levels (Laird and Smith, 1962; Forsyth,
1963). In addition, experiments on aluminum and copper having different tex-
ture and ductility reveal that, regardless of the stress level, the opera-
ting mechanisms may be influenced to a great extent by texture and ductility
(Nair and May, 1968).

It is not the purpose here to make a critical review of the fatigue
mechanisms. But it is a concern to know in a specimen the successive events
that take place in the fatigue process, leading to permanent damage and ulti-
mate failure of the specimen. The H and F mechanisms concerning the forma-
tion of microcracks are briefly described to aid in such understanding, since
thev shed some light on how fatigue damage in the form of cracks develops.

Cyclic-stressing of face-centered cubic metals at large plastic ampli-
tudes, those corresponding mainly to the H part of the S-N curve, produces
coarse slip. At the early stage, severe local strains develop within grain
boundaries, resulting in the breakdown of each grain into regions of different
lattice orientation separated by irregular subboundaries. As cycling con-
tinues, micropores develop on the subboundaries. In copper or brass, these
micropores appear during about 1/200 of the specimen life. The micropores
multiply and coalesce into cavities which, with continued stressing, multiply
and link into microcracks. These microcracks remain smaller than the grains
for the greater part of the remaining life. An increase in the number of
cvcles of amplitudes only starts more cracks in other parts of a grain. The
stage of crack formation encompasses the appearance of micropores, cavities,
and microcracks in each grain. This stage occupies most of the time of the
fatigue process of an annealed metal.

Preceding page blank



The specimens become structurally unsound early in the formation of
micropores. Tests show, however, that there is no loss of mechanical
strength, which remains constant, although microcracks develop and multiply,
Microcracks can be considered centers of fatigue damage, but they are harm-
less as long as they are confined in grains and are not self-propagating.

Cyclic-stressing of face-centered cubic metals at small plastic ampli-
tudes produces fine slip zones or bands corresponding to the F part of the
S-N curve. They are readily shown as traces brought up by etching and begin
to appear after approximately 1/1000 of the specimen life. Though the exist-
ing bands are intensified by adding fine slip movements, they are limited in
length and are usually shorter than a grain. Such bands are zones of abnor-
mal distortion resulting from the to-and-fro slip movements and show up
clearly in grains undergoing cross-slip. Surface notches and peaks, often
called intrusions and extrusions respectively, may also form at the end of a
slip band where slip bands meet the surface. These surface disturbances,
which are about 10-4 cm in depth, have been considered responsible for form-
ing fatigue cracks. However, they do not seem to develop with r.ontinued
cycling. TIsolated micropores then form in the interior of slip zones
(Wood et al, 1963); They multiply and coalesce to elongated cavities along
the zones as cycling continues further. These pores, however, are recently
believed to be spurious interpretations of normal extrusions (Dover and Jones,
1967); they are tubular holes extending into the metal from the surface.
These holes which constitute the crack front grow and link up to complete
the failure of a grain in a directicn compatible with the applied stress.

The S-N curve for a body-centered cubic metal, such as iron, generally
consists of an inclined portion, called the H part, and a horizontal portion,
called the S part, giving rise to a sharp knee (Wood et al, 1964). The basic
structural change in iron above the knee in the H part is a pronounced cell
formation in the grains, which determines irregular microcracks. At ampli-
tudes below tie knee in the S part, slip produces in the surface the form of
dense clouds of short, faint markings. The clouds are composed of short,
fine slip. Pores form but they are dispersed widely and cannot readily link
into microcracks. The fine dispersed slip and dispersed pore formation is
therefore an example of fatigue damage in its least effective form.

FATIGUE DAMAGE

Fatigue damage is assessed in different ways. The residual static
strength after cracks grow to a certain size is one criterion, while another
1s the prediction of accunulations of damage when a specimen or a structure is
subjected to a number of cycles at one or several different amplitudes. Both
criteria have important practical aspects in engineering applications, but
neither is suitable for developing early fatigue damage detecting techniques
by nondestructive means. The few prominent cracks which may influence the



residual static strength are not of primary concern. Of greater concern is
the damage which may occur before a macrocrack develops, so that its detec-
tion will prevent formation and growth of additional macrocracks that could
cause sudden or catastrophic failure of a structure in service.

The micropores that develop very early in fatigue deformation at sub-
boundaries and the intrusion extension by means of tubular hole growth in a
grain are the smallest centers of damage since they eventually multiply and
link up to form microcracks. However, even the microcracks existing in the
confines of a grain may still be harmless because tests at this stage show
no loss of mechanical strength of the specimen. Microcrack damage becomes
apparent when the cracks multiply and extend beyond the confines of a grain
to link together forming macrocracks.

Since X-ray experiments have shown that nearly all of the smell angle
X-ray scattering is due to the double-Bragg reflection process, an evidence
of the existence of disoriented subgrains (Grosskreutz and Rollins, 1959),
the r.icropores are not actual cavities. Since they show up by etching, they
might be regions of concentrated plastic deformation. Transmission electron
micrographs indicate that the apparently microporous areas shown in optical
micrographs correspond to abnormally dense regions of loops and debris left
by oscillating screw dislocations along etched-up slip zones or along sub-
grain boundaries (Grosskreutz et al, 1966). The slip zones are dense regions
of loops and unresolved debris. The subgrain boundaries are dislocation
arrays. Thus, micropores are only regions of high internal strain.

It should be noted that micropores, tubular holes, and microcracks are
harmless only when the test specimen is subjected to pure fatigue with zero
mean plastic strain. They become centers of mechanical weakness that can be
pulled apart by a static tensile load which is superimposed on the pure
fatigue (Wood and Bendler, 1962). Since structures are often subjected to
combined static and cyclic loading, microcracks must be considered poten-
tially dangerous.

Ideally, the early fatigue damage zone is then a few grains deep with
each grain containing microcracks within its confines. Since it is difficult
to determine this depth, a method of measuring the damage depth is to esti-
mate the amount of surface layer that must be removed by electropolishing
or other means to cause the disappearance of persistent slip bands because
extrusion and intrusion form at the end of a slip band where the band meets
the surface. For example, the persistent slip bands of copper (Thompson
et al, 1956) and iron (Klesnil and Lukas, 1965; Sullivan et al, 1961) are 10
to 30 pm and 6 to 10 wm deep respectively.



Transmission electron micrography technique using thin toils reveals
that the dislocation structure in regions near the fatigued iron specimen
surface (less than 25pum) is characterized by bands of intense dislocation
tangling, individual dislocations within the bands being unresolved, and
arrays of parallel rows of dislocation loops, the arrays often extending for
considerable distances across a given grain (Wei and Baker, 1965). On the
other hand, micrographs of the interior show isolated clusters of dislocations
and scattered dislocation loops and loop trails. Since the dislocation
structure in the surface region is completely different from the dislocation
structure in the interior and since thickness of the foil (less than 25 (um)
taken from the fatigued iron specimen surface is of the same order of magni-
tude as the amount of surface layer(6-10um for iron and 10-30 um for copper)
removed by electropolish to eliminate persistent slip bands, the observed
dislocation structure must be correlated with the fatigue damage zone because
the damage occurs only at the surface layer.

PHYSICAL PROPERTIES RELATED TO FATIGUE DAMAGE

It is known that most physical properties of metallic materials change
with plastic ucformation. Some of the properties would also be influenced
by cyclic stressing. It is then possible to utilize such changes to indicate
fatigue damage. Though fatigue cracks on a macroscale in metals can be
detected by various nondestructive techniques, detection or evaluation of the
early damage prior to the formation of macrocracks is not simple or easy.
Some knowledge of the change in physical phenomena in the course of fatigue
deformation is needed for the development of techniques to detect early
fatigue damage. Such knowledge, together with some other characteristics
which might be useful, is described in the following paragraphs.

MAGNETTC HYSTERESIS AND EDDY CURRENT LOSSES

In the majority of ferromagnetic materials, magnetic hysteresis is
caused by a delay in the change of magnetization. Loss of energy to magnetic
hysteresis depends on the average amplitude of internal stresses. Internal
stresses also have influence on the resistance of the metal, both magnetic
and nonmagnetic, to alternating current. Changes in resistance and dis-
turbance of continuity result in eddy current losses. The region having high
internal stresses could be a nucleation site of fatigue crack since trans-
mission electron micrographs of foils prepared from specimens subject to
cvclic stressing reveal that the region of abnormally high dislocation density
corresponus to the fatigue zone in the specimen (Grosskreutz et al, 1966).

The variation of the total losses in steels in fatigue process has been

investigated by Gushcha (1965). The change of the losses in the course of
deformation above the fatigue limit can be divided into four stages. In the

8



first stage, the losses decrease with number of cycles while work-hardening
revealed by microhardness measurement intensifies. Slip lines appear in
some grains. In the second stage, there is an increase in the losses, but
microhardness is lowered. These changes are attributed to relaxation or
softening of the most stressed grains. As the number of cycles increases,
further softening becomes intensified while work-hardening is slowed down.
When the process of softening is more intensified, microhardness is lowered
even more and more. The slip lines become wider and longer, and the number
of slip lines increases. The rise of the losses continues but at a lower
rate in the third stage. Microcracks form and some of them link together and
develop to a fatigue macrocrack. Formation of a macrocrack is marked by a
certain lowering of the losses at the end of the third stage. A steep climb
of the losses in the fourth stage indicates a rapid growth of the fatigue
crack. Duration of each of these stages differs and depends on the material
and the level of the cyclic stresses. The duration of each stage relative
to the total fatigue life for a given material, however, is about the same
for all stress levels.

Below fatigue limit, microhardness increases while the losses decrease
with the increasing number of cycles. Softening can occur in weak grains,
but this process does not spread to o*her grains because of low cyclic
stresses,

Since the maximum of the losses vs number of cycles curve indicates the
formation of a macrocrack, detection of earlier fatigue damage must then rely
on the determination of the onset of the third stage when the rate of the
losses is lowered due to the formation of microcrack.

It should be noted that the magnetic hysteresis and eddy current losses
are not entirely caused by internal stresses. Inclusions, voids, cracks, and
chemical segregation can also influence these losses.

Magnetic tests measuring perturbation in the magnetic field have been
employed to detect fatigue damage in the form of crs-ks (Kusenberger et al,
1964 and 1966). The perturbation is caused by the cnange of magnetic per-
meability by internal stresses or the other factors mentioned prev:ously. The
crack is indicated by a sudden increase in peak-to-peak signal amplitude in
a record. The detection of cracks is primarily a function of signals caused
by the stressed volume adjacent to the crack and not by the material separa-
tion. The minimum crack length that can be detected in 4340 steel is 0.006
to 0.008 inch.

ELECTRIC IMPEDANCE
The electric impedance at a fixed frequency of a metallic specimen

whose dimensions remain unchanged during measurement depends on electric con-
ductivity and magnetic permeability. To make the use of the skin effect of



high-frequency currents, it is possible to study the change of electric
impedance during fatigue deformation. When Armco iron wire is subject to
torsional fatigue, no change in impedance at 35 kHz is observed if the shear
strain 1s below a critical value which is less than the fatigue limit
(Shlyapin et al, 1967). The impedance hysteresis loop also does not change
its form. If the cycling strain exceeds the critical value but is below the
fatigue limit, the impedance decreases gradually with an increasing number of
cvcles. Though the hysteresis loop changes in the process, it tends to
approach the stable form below the critical strain. The impedance decreases
more rapldly with an increasing number of cycles when the cycling strain is
above fatigue limit. Shortly before failure, some increase in the impedance
is observed, probably due to the appearance of fatigue cracks. The rate of
change in the hysteresis loop during test differs little from the change at
the fatigue limit. However, the loop cannot become stabilized because of
tailure of the specimen. Early fatigue damage must then be detected by
analvzing the change in the form of the hysteresis loop and the trend of the
impedance vs number-of-cycles curve before the rise of impedance due to the
formation of macrocracks.

Ancther approach is to make the specimen after fatigue deformation one
end of a low-loss cylindrical cavity resonator (Benson et al, 1968). The
transmission loss of the cavity is mainly due to the loss of the specimen.
The system must be operated at the exact resonant frequency of the resonator
in order to make the magnitude of the signal transmitted through the cavity
meaningful. Th= loss curve for a 2024-T3511 aluminum alloy specimen shows
little change until approximately 80 percenit of the fatigue life is spent.
[t then rises rather sharply before failure of the specimen.

Cvlindrical specimens have also been made in the form of a low-loss,
half-wave linear resonator operated at frequencies near 1 GHz (Benson et al,
1968). The increase in electric resistivity at the surface layer due to the
presence of microcracks results in an increase in bandwidth of the resonator
when 1t is considered as a band-pass filter. When fatigue deformation in
aluninum alloys is measured, the surface resistivity does not change in the
first one-fourth of fatigue life. Afterwards, the measured resistivity can
be either above or below the previous constant value. The scatter is so wide
that it is difficult to correlate fatigue damage with surface resistivity.

OPTICAL PHENOMENA

An optical correlation technique has been used to detect changes in sur-
face structure resulting from fatigue deformation (Chuang, 1968). The corre-
lation function for a given surface area is measured before and after cyclic
stressing in temms of light intensity output of a coherent optical system.

10



Change in surface structure produces a decrease in correlation intensity.
The surface strain that can be detected is of the order of 1 micron.

The correlation intensity vs number-of-cycles curve can generally be
divided into three stages. A sharp loss of the correlation intensity (as
much as 80 percent) in the first few minutes constitutes the first stage.
The loss then becomes relatively steady in the second stage. Finally, a
sharp loss before a visible crack appears starts the third stage. Early
fatigue damage must therefore occur in the first two stages.

INTERNAL FRICTION

Internal friction of solution-treated aluminum alloys containing magne-
siun subject to cyclic stressing below the fatigue limit is practically con-
stant. Above the fatigue limit, internal friction decreases with an
increasing number of cycles. The formation of a fatigue crack is indicated
by an increase in internal friction (Hanstock, 1947). However, tests on
solution-treated and aged aluminum alloys containing mainly copper reveal
that above but near the fatigue limit, the internal friction increases almost
imperceptibly during many millions of cycles, followed then by a rapid rise
before specimen failure. The rise is mainly due to precipitation induced by
cyclic stressing and not to the formation of cracks (Hanstock, 1954)., In
pure metals, such as aluminum, cadmium, and copper, above the fatigue limit
the internal friction first increases and remains practically constant with
continued cyclic stressing. Near the end, there is again a rise which is
attributed to the appearance of a fatigue crack (Gorshkov and Postnikov,
1965).

Both internal friction and early fatigue damage are related to the
movement of dislocations and their interaction with point defects. Their
relationship, however, is complex because internal friction is associated
with bulk-property-type measurement while fatigue damage occurs only at the
surface layer.

PROPAGATION OF ULTRASONIC WAVES

In addition to detecting flaws, propagation of ultrasonic waves in metal
parts has also been employed to investigate early fatigue damage by means of
noting the changes in ultrasonic attenuation and velocity. Measurement of
the ultrasonic atteruation in aluminum specimens subject to tension-tension
or tension-compression cyclic loading reveals that the attenuation starts to
decrease from the beginning, reaching a minimum value between 100 and 1000
cycles or approximately at 1/100 to 1/1000 fatigue life (Truell et al, 1959
and 1961). Subsequently, the attenuation rises<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>